ABSTRACT
INTRODUCTION
On 26 September 2003, a great interplate earthquake (M8.0) struck the Hokkaido corner in the southernmost Kuril trench. The Hokkaido corner is the site of large earthquakes due to the subduction of the Pacific Plate beneath Hokkaido, Japan, at a rate of 8.3 cm/yr. The previous great earthquake was the 1952 Tokachi-oki earthquake (M8.2). A Sacks-Evertson borehole strainmeter (Sacks et al., 1971) was installed in November of 1982 to observe the changes before and after such a huge earthquake (Takanami et al., 1998) . The observatory is located 105 km from the epicenter of the 2003 Tokachi-oki earthquake. Observational data of near surface crustal strain necessarily include changes produced by non-tectonic sources, including atmospheric pressure changes, earth tides, and precipitation. The continuity of recorded data is also interrupted at times due to power failures and instrument maintenance. Thus there is a need to apply processing techniques to remove changes not of interest in seismological studies. We used here state-space modeling methods for the smoothing and component decomposition tasks developed by Kitagawa and Matsumoto (1996) and . In principle, it is possible to treat these two tasks simultaneously using state-space modeling and to fit decomposition into a components model for the detection of seismic effects to the data with missing and outlying observations. However, because of the volume of the data and the need for very high-order models, we adopted a two-stage analysis strategy composed of smoothing using a simple Gaussian state-space trend model and decomposition into components by assuming the smoothed observation of strain to be characterized by a nonstationary trend and to be influenced by covariate air pressure, tidal, and precipitation effects. In this paper, we show a specific example of time series modeling for signal extraction problems related to the geodetic strain change at the 2003 Tokachi-oki earthquake. 1 The following contribution was presented at the WDS conference and presents a more complete explanation of the data processing and its implementation. Subsequent to the Conference, the authors completed their research and have published a comprehensive paper presenting their final results in [Modeling of the post-seismic slip of the 2003 Tokachi-oki earthquake M8 off Hokkaido: constraints from volumetric strain, Earth, Planets and Space, doi: 10.5047/eps.2012.12.003, in press] . That paper includes not only a preliminary data processing presented here, but also contains many additional results concerned with a geophysical phenomenon. The CODATA Data Science Journal regrets the delay in publishing this conference paper.
APPLICATION OF THE STATE-SPACE MODEL
Strain has been measured in the borehole at station KMU of Hokkaido University since November 1982. The time series of observations of the strain ( Figure 1 ) includes irregular offsets (due to instrument reset). Missing data, in both the strain (upper trace) and air pressure records (middle trace), are due to power failures because, at that time, no on site battery powered recording was operational. Such power failures are caused by strong torrential rainfalls and the shaking effects of large earthquakes as well as problems with local power supplies. Two anomalous torrential rainfalls drenched the area around KMU on 10, July (157 mm/day) and on 9, August (107 mm/day), respectively. In the earlier torrential rainfall, the power supply was also interrupted. Although it is possible to interpolate for the missing data and correct outliers by using a simple non-Gaussian state space model (Kitagawa & Matsumoto, 1996; Matsumoto, 1999) , it is almost impossible to restore the data missing at the time of the 2003 Tokachi-oki earthquake. In this paper, we do not deal with such coseismic crustal movement. As to such coseismic behavior, many papers have already been published (e.g., Ozawa et al., 2004; Yagi, 2004; Fukuda et al., 2009; Miwazaki et al., 2008) . We address here slow strain changes immediately following the earthquake. Because strain changes induced by non-tectonic changes can mask such slow changes, it is necessary to de-convolve those components of the data in order to obtain a reliable estimate of the slow tectonic changes. We used here the state-space modeling method for the smoothing and component decomposition tasks. Successful studies to detect groundwater level have been carried out using the same approach (Kitagawa & Matsumoto, 1996; . As in those papers, the observation data of strain y n can be represented by the following model composed of several components y n = t n + P n + E n + R n +! n ,
where is the number of observations. , and are trend, air pressure effect, earth tide effect, precipitation effect, and observation noise components, respectively. The trend component is expressed by the following first-order trend model (Kitagawa & Gersch, 1984) ,
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where , , and are the observed air pressure, the theoretical earth tide, and the observed precipitation, respectively. For the precipitation effect, we used the ARMAX type model (Box & Jenkins, 1976) as given in Eq. (5) because precipitation effects may continue for a very long time following the precipitation. The regression coefficients and can be estimated by the Kalman filter. Furthermore, and need to be estimated by numerically maximizing the likelihood function. When the effects of covariates , and were removed from , the trend was expected to be a geodetic strain before and after the Tokachi-oki earthquake, indicated by the label M8.
Next we describe the result of decomposition of 6 months of strain observations at KMU into the trend and the several induced strain components. Figure 2 illustrates the decomposition of observations into the trend, the air pressure effect, the precipitation effect, and the Earth tide effect. Judging from the smoothed trend excepting the trend just after the 2003 Tokachi-oki earthquake, it is confirmed that the influence of the air pressure, the precipitation, and the Earth tide were successfully removed by the state-space modeling. Consequently, it turns out that a clear slow trend change appeared immediately after the 2003 Tokachi-oki earthquake. This indicates that a slow-slip event occurred after the 2003 Tokachi-oki earthquake in the vicinity of KMU. The slow-slip event consisted of two stages as shown in Figure 2 . The first stage started immediately after the Tokachi-oki earthquake, continuing until 30 September with a second stage continuing until 23 October. The strain change after the Tokachi-oki earthquake is characterized by a 4-day contraction followed by a 23-day extension. An interpretational model has been illustrated in Figure 3 . According to Linde et al. (1996) , a quasi-static time series of deformations is generated as the rupture surface grows with down-dip propagation as shown in Figure 3b . The strain change calculated by the model fits with the observations at KMU extremely well. The GPS data at the various surrounding sites operated by GSI are also well suited to the model, especially considering the simplicity of the model (Takanami et al., 2009) , that of a large two-stage slow-slip earthquake (equivalent moment magnitude 7.4), occurring mainly on the ruptured zone of the 2003 Tokachi-oki event. We might incidentally remark that no pre-seismic strain change was detected by the present work. 
RESULTS OF THE IMPLEMENTATION OF STATE-SPACE METHOD

CONCLUSION
We confirmed that the state-space approach was very highly effective in isolating a trend of geodetic strain observations. We handled missing and jumping strain observations and deletion of the air pressure, Earth tide, and precipitation effects using the state-space modeling method. A slow slip event was clearly detected immediately following the 2003 Tokachi-oki earthquake (M8.0). It consisted of two consecutive stages of a 4-day and a 23-day slow slip occurring largely in the ruptured zone of the 2003 earthquake (M8). We can say that the data processing validity is confirmed by the fact that a model derived to fit the strain data making no use of a GPS also fits the GPS data extremely well, especially considering the simplicity of the model. If the present data processing had not worked well, then we would not have obtained such consistency. No pre-seismic strain change was detected.
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